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We propose an experimental method for extracting the zero-point energy from a local vacuum
state by performing local operations and classical communication (LOCC). We model a quantum
Hall edge channel as a quantum entangled many-body channel and the zero-point fluctuation in the
charge density of the channel as the vacuum state. We estimate the order of the energy gain using
reasonable experimental parameters. Such a quantum feedback system breaks the passivity of a local
vacuum state. It can be used to demonstrate Maxwell’s demon or quantum energy teleportation in
which no physical entity transports energy.
PACS numbers: 03.67.-a, 73.43.-f
According to quantum mechanics, a many-body sys-
tem in the vacuum state possesses a zero-point energy.
However, this must be considered a non-available re-
source since it is not possible to extract the zero-point
energy from a vacuum by performing local operations ;
this is known as the passivity of the vacuum state [1].
However, recent theoretical studies have suggested that
the passivity can be broken locally by performing local
measurements followed by local operations and classical
communication (LOCC) locally[2]. This scheme can be
interpreted in terms of information thermodynamics as
a quantum version of Maxwell’s demon [3]; specifically,
two demons cooperatively extract energy from a local
vacuum state. We consider a quantum entangled many-
body system in the vacuum state. As mentioned above,
the demons cannot extract energy from the system by
performing local operations. Here, we define two sub-
systems A and B that are separated by an appropriate
distance. Since local quantum fluctuations are entan-
gled in the vacuum state [4], demon A can obtain a cer-
tain amount of information on quantum fluctuations at
B by performing local measurements at A. However, in
exchange for this information, demon A has to pay an
energy EA to his/her own subsystem. Immediately after
demon A informs demon B of the information (i.e., the
measurement result), demon B can extract energy EB
even though his/her subsystem remains in a local vac-
uum state. This is passivity breaking by LOCC. This
scheme is called quantum energy teleportation (QET)
because no actual carriers transfer energy from A to B
but energy can be gained at a remote location B [2]. This
type of quantum feedback is also relevant to black hole
entropy, whose origin has often been discussed in string
theory [5], because energy extraction from a black hole
reduces the horizon area (i.e., the entropy of the black
hole [6]).
To verify this theory in a realistic system requires a
dissipationless quantum-entangled channel with a macro-
scopic correlation length, a detection scheme for the vac-
uum state, and a suitable implementation of LOCC.
Quantum Hall systems are promising systems. They can
FIG. 1. (color online). Schematic diagram of the quantum
Hall system used in this study. Edge channels S and U are
formed at the boundaries of separate quantum Hall bulk re-
gions S and U , respectively. Red and blue arrows indicate the
directions of propagating waves. WU is a wavepacket excited
in region U.
be formed in a two-dimensional electron system in a semi-
conductor subjected to a strong perpendicular magnetic
field. Such a system is suitable because the zero resis-
tance of the quantum Hall effect means that the system
is dissipationless and quasi-one-dimensional channels ap-
pear at the boundary of the bulk incompressible region of
a quantum Hall system; such an edge channel is consid-
ered to behave as a chiral Luttinger liquid [7]. Power-law
behaviors have been experimentally demonstrated, sug-
gesting that the system has no certain decay length [8, 9].
Furthermore, since the vacuum is a zero-point fluctuation
in the charge density, the Coulomb interaction (i.e., ca-
pacitive coupling), can be used as a sensitive probe for
detecting the vacuum. In addition, semiconductor nan-
otechnology can be used to design LOCC.
In this study, we discuss possible passivity breaking
in a quantum Hall system and estimate the order of the
energy gain at B by employing reasonable experimental
parameters.
We consider the system depicted schematically in
Fig. 1. Experiments should be performed at low tem-
2peratures of the order of millikelvins (mK) to produce
these vacuum states in the edge channels. Two regions,
A and B, are defined on the left-going edge channel S.
We describe S by a chiral Luttinger boson field with the
trajectory parameterized by a spatial coordinate x along
the channel. Here, we consider the left-going chiral field
whose electron number density ̺S(x+vgt) deviates from
that of the vacuum state equilibrium. vg is the group
velocity of a charge density wave propagating along the
channel (i.e., a magnetoplasmon [10] in the zero-energy
limit) and t is the elapsed time. The zero-point fluctu-
ation in the charge density in region A can be experi-
mentally measured by an RC circuit that consists of the
input resistance R of an amplifier and the capacitance C
between S and a local metal gate fabricated on S. For
positive operator valued measure (POVM) measurements
[9], the RC circuit (i.e., the detector) can be switched on
only during the measurement. t = 0 is defined as the
time when the switch is turned on. During the measure-
ment, the detector excites S and injects energy EA into
S. The measured voltage signal υ is amplified and then
communicated to region U to excite a wave packet WU
on the other edge channel U . We describe the trajec-
tory of U by a right-going chiral boson field ̺U (y − vgt)
parameterized by a spatial coordinate y with identical ve-
locity vg, which assumes that S and U are formed in the
same manner. Thus, WU travels along U carrying energy
E1 toward region B, where the two edge channels S and
U approach each other. These channels are capacitively
coupled only at B, where WU interacts with the zero-
point fluctuation of S. After the interaction, the energy
carried by WU changes from E1 to E2. If no information
about υ is communicated (i.e., WU is created indepen-
dently of signal υ) WU will inject energy to S due to the
passivity of the vacuum state [1]. Thus, EB = E2 − E1
will be negative. However, in our system, since WU ex-
plicitly depends on υ, the passivity is broken and EB is
positive; WU gains positive energy from the zero-point
fluctuation of S. In the following, we prove this fact the-
oretically and estimate EB by setting the experimental
parameters vg ∼ 106 m/s [11, 12], R ∼ 10 kΩ [13], and
C ∼ 10 fF. The length b of regions U and B and the
length of region A are approximated by a typical length
scale of l ∼ 10 µm.
We start the detailed discussion by modeling the edge
channel S. The chiral field operators ̺S(x) satisfy the
commutation relation [̺S(x), ̺S(x
′)] = i ν2pi∂xδ(x − x′).
The energy density operator of ̺S(x) is written as
εS(x) =
π~vg
νS
: ̺S (x)
2
:,
where νS is the Landau level filling factor of S and
:: denotes normal ordering, which causes the expecta-
tion value of εS(x) to vanish for the vacuum state |0S〉;
〈0S |εS(x)|0S〉 = 0. The free Hamiltonian of S is given
by HS =
∫∞
−∞
εS(x)dx. The eigenvalue of |0S〉 vanishes,
HS |0S〉 = 0. Taking region A for x ∈ [a−, a+] we adopt
the RC-circuit-detector model proposed by Fe`ve et al.
[14] to measure the voltage induced by the zero-point
fluctuation of S. The charge fluctuation at A is esti-
mated as
QS(t) = e
∫ ∞
−∞
̺S (x+ vgt)wA(x)dx, (1)
with a window function wA(x), which we assume to be
a Gaussian function with its maximum value and width
being of the order of unity and l, respectively. In this
model [14], the voltage between the detector contact and
S is given by V (t) = 1
C
[QS(t)−Q(t)], where Q(t) is
the charge on the capacitor. The quantum noise of the
voltage V (t = −0) is described by the operator Vˆ
Vˆ = −
√
~
πRC2
×
∫ ∞
0
dω
[ √
ω
ω − 1
iRC
ain(ω) +
√
ω
ω + 1
iRC
a†in(ω)
]
,
where ain(ω)(ain(ω)
†) is the annihilation (creation) oper-
ator of excitation of a charge density wave in the detector
circuit satisfying
[
ain(ω), ain(ω
′)†
]
= δ (ω − ω′). Before
the measurement (i.e., the signal input from S to the
detector), V (t = −0) equals Vˆ . Using the fast detector
condition (RC ≪ l/vg), the voltage after the measure-
ment is computed as
V (t = +0) = Vˆ +RQ˙S(0), (2)
where RQ˙S(0) denotes the voltage shift induced by the
signal and the dot of Q˙S(0) indicates the time derivative.
The amplitude ∆V of Vˆ in the vacuum state |0RC〉 of the
RC circuit can be estimated as ∆V =
√
〈0RC |Vˆ 2|0RC〉 =
O
(√
~
RC2
)
∼ 10 µV. The root mean square of the
voltage shift,
√
〈0S |
(
RQ˙S(0)
)2
|0S〉, is estimated to be
O(100 µV) from Eq. (1), so quantum fluctuations of the
edge current will be detectable.
To estimate the energy injected into A after the mea-
surement, we reduce the measurement operators [9] to
the pointer basis of von Neumann [15]. By regarding Vˆ
as a preamplified quantum pointer operator, the instan-
taneous shift in Eq. (2) can be reproduced by the mea-
surement Hamiltonian, Hm(t) = δ(t)RQ˙S(0)PVˆ , where
P
Vˆ
is the conjugate momentum operator of Vˆ . Using
the eigenvalue υ of Vˆ (Vˆ |υ〉 = υ|υ〉), we can assume
the initial wavefunction of the quantum pointer in the
υ representation to be Ψi(υ) ∝ exp
[− 14∆V 2 υ2], whereas
the wavefunction after the measurement is translated as
Ψf(υ) ∝ exp
[
− 14∆V 2
(
υ −RQ˙S(0)
)2]
. After turning
the measurement interaction on, we perform a projec-
tive measurement of Vˆ to obtain an eigenvalue υ of Vˆ .
3This reduction analysis proves that the measurement op-
erator Mυ [16] is Ψf(υ). The corresponding POVM is
represented by the operator Πυ = M
†
υMυ, which satis-
fies the standard sum rule,
∫∞
−∞
Πυdυ = IS , where IS
is the identity operator of the Hilbert space of S. The
probability density of the result υ is p(υ) = 〈0S |Πυ|0S〉.
The post-measurement state of S corresponding to the
result υ is computed to be Mυ|0S〉 up to a normalization
constant. Hence, the average state of S right after the
measurement is given by
ρ1 =
∫ ∞
−∞
Mυ|0S〉〈0S |M †υdυ.
The injected energy EA is calculated to be
EA =
∫ ∞
−∞
〈0S |M †υHSMυ|0S〉dυ
=
~vgνS
4π
(
evgR
2∆V
)2 ∫ ∞
−∞
dx
(
∂2xwA(x)
)2
.
Using the experimental parameters mentioned above, EA
is estimated to be of the order of 1 meV for νS ∼ 3.
We now consider the edge channel U . The free Hamil-
tonian of U is HU =
pi~v
νU
∫∞
−∞
: ̺U (y)
2
: dy. The mea-
surement result υ is amplified and transferred to region U
as an electrical signal and it then generates a wave packet
WU of ̺U (y) (i.e., a localized right-going coherent state)
in a region with y ∈ [b− − L, b+ − L]. This process can
be expressed by the υ-dependent unitary operation Uυ
to the vacuum state |0U 〉 of ̺U (y); |υU 〉 = Uυ|0U 〉. Uυ is
given by
Uυ = exp
(
πiυ
νU∆V
∫ b+−L
b−−L
λB(y)̺U (y)dy
)
,
where L is the distance between regions U and B and νU
is the filling factor of U . Here, the length b+ − b− = b
is approximated by l. We assume that λB(y) is a Gaus-
sian function whose maximum, λB(b/2−L), gives the or-
der of the total number of excess and deficient electrons
from the vacuum-state equilibrium in [b− − L, b+ − L],
which are excited by the amplified voltage. We take the
amplitude of λB ∼ O(10), which can be experimentally
done by tuning the amplifier gain appropriately. By us-
ing [̺U (y), ̺U (y
′)] = −i νU2pi ∂yδ(y − y′), the wave form
of WU is computed as 〈υU |̺U (y)|υU 〉 = υ∂yλB(y). By
defining T as the elapsed time when WU has been gener-
ated, the composite state of S and U at T is calculated
as
ρSU =
∫ ∞
−∞
dυUSMυ|0S〉〈0S |M †υU †S ⊗ |υU 〉〈υU |,
where US(T ) = exp(− iT~ HS). This state is the scattering
input state for the Coulomb interaction between S and
U . Then, WU evolves into region B by HU . The average
energy of WU is denoted by E1(= Tr [HBρSU ]), which is
calculated as
E1 =
π~vg
νU
∫ ∞
−∞
(∂yλB(y))
2 dy
[
〈0S |G2S |0S〉+
1
4
]
,
where GS = − evgR2∆V
∫∞
−∞
̺S (x) ∂xwA(x)dx. E1 is esti-
mated to be of the order of 10 meV when νS and νU are
respectively ∼ 3 and ∼ 6. In region B, WU and ̺S(x) in-
teract with each other via the Coulomb interaction such
that
Hint =
e2
4πǫ
∫ b+
b−
dx
∫ b+
b−
dy̺S (x) f(x, y)̺U (y) .
Here, ǫ is 10ǫ0 for the host semiconductor (e.g., gallium
arsenide), where ǫ0 is the dielectric constant of vacuum.
The function f(x, y) is given by 1√
(x−y)2+d2
. Here, d is
the separation length between the two edge channels at
B and is approximated by l. After the interaction, the
energy of WU becomes E2. The energy gain, EB = E2 −
E1, is estimated by lowest-order perturbation theory in
terms of Hint as follows.
EB = −i e
2vg
4ǫνS
∫ ∞
−∞
dz
∫ b+
b−
dxB
∫ b+
b−
dyBf(xB, yB)
×
∫ ∞
−∞
dt
∫ ∞
−∞
dυ〈0S |M ′†υ ̺S (xB + vgt)M ′υ|0S〉
× 〈υ′U |
[
̺U (z − vgtf )2 , ̺U (yB − vgt)
]
|υ′U 〉,
where M ′υ = US(ti − T )†MυUS(ti − T ) and |υ′U 〉 =
UU (ti)
†|υU 〉. Here, UU (T ) = exp(− iT~ HU ). ti and tf
are respectively the start and end times of the interac-
tion between S and U . By substituting the commuta-
tion relation given by
[
̺U (z)
2
, ̺U (yB)
]
= −i νU
pi
∂δ(z −
yB)̺U (z) and integrating with respect to z, we obtain
the following relation:
EB =
e2vg
4πǫ
∫ b+
b−
dxB
∫ b+
b−
dyBf(xB, yB)
×
∫ ∞
−∞
dt∂2λB(yB − vg (t− ti))
×
∫ ∞
−∞
υ〈0S|M ′†υ ̺S (xB + vgt)M ′υ|0S〉dυ.
Note that the last integral is computed as
∫ ∞
−∞
υ〈0S|M ′†υ ̺S (xB + vgt)M ′υ|0S〉dυ
= − eυR
4∆V
∫ ∞
−∞
dx¯A∂wA(x¯A)
×∆(x¯A − xB − vg(t+ T − ti)) + c.c.,
4where
∆ (x) =
νS
4π2
∫ ∞
0
dkk exp (−ikx) .
To integrate EB with respect to t, we take the Fourier
transform of ∂2λB in EB and obtain ∂
2λB(y) =
− 12pi
∫∞
−∞
k′2λ˜B(k
′)eik
′ydk′. Using
∫∞
−∞
dt exp[−i(k′ ±
k)vgt] =
2pi
vg
δ(k′ ± k), EB is estimated as
EB =
3e3vRνS
4π3ǫ∆V
∫ ∞
−∞
dx¯A
∫ b+
b−
dy¯B
∫ b+
b−
dxB
∫ b+
b−
dyB
× 1√
(xB − yB)2 + d2
× wA(x¯A)λB(y¯B − L)
(xB + yB − x¯A − y¯B + L+ vgT )5
,
where vgT = O(10
−2L). The parameter L + vgT (=
O(L)) corresponds to the distance between A and B.
Thus, the energy output EB is estimated to be
EB = O
(
e2λB
4πǫl
evgR
l∆V
(
l
L
)5)
. (3)
Since the function λB(y¯B + L) is positive, EB must also
be positive. Eq. (3) shows that increasing L will rapidly
reduce the magnitude of EB (e.g., EB ∼1 µeV for L ∼
4l). Nevertheless, for L ∼ 2l, EB will be of the order
of 100 µeV. This is much larger than the thermal energy
∼ 1 µeV at a temperature of ∼ 10 mK, which is the
temperature at which quantum Hall effect experiments
are generally performed using a dilution refrigerator.
To observe EB experimentally, we measure the cur-
rent passing through the edge channel U . The relation,
ε = pi~
νU e2vg
j2, between the energy density ε and the cur-
rent j gives an energy density of 10-µeV/µm, which cor-
responds to a current of 10-nA. This can be detected
experimentally using state-of-the-art electronics. To ver-
ify that energy is extracted at B, a single-shot current
measurement should be repeated by switching the circuit
on and off to perform POVM measurements a sufficient
number of times to generate meaningful statistics. In this
process, electrical noise, which can be introduced in the
classical channel, is averaged out and thus does not affect
〈EB〉.
We now examine energy conservation and dynamics in
the system. As we have shown, extracting EB from the
local vacuum state requires measurement (energy injec-
tion) at A. What is the source of EA? We consider a
POVM measurement, so that switching the RC circuit
injects an energy EAinto S. Therefore, a battery may
provide EAto drive the switching device if the switch is
electrically operated. After extracting EB, the total en-
ergy EA − EBof the system will be non-negative, as it
should be because EA > EB . Due to local energy conser-
vation laws, energy transfer of EB from Sto Uwill result
in a negative average quantum energy density around B.
This generation of a negative energy density is attained
by squeezing the amplitude of the zero-point fluctuation
less than that of the vacuum state during the interac-
tion [17]. −EBand EAwill run ”chirally” on the edge
toward the downstream electrical ground with identical
velocities of vg. Because of this chirality, even after mea-
surement at region A, Saround region B will remain in a
local vacuum state with zero energy density.
Unlike quantum Hall systems, several successful exper-
imental studies have been conducted in quantum optics
by introducing LOCC including quantum teleportation
[18, 19]. Light is a massless electromagnetic field with an
infinite correlation length. However, it propagates three
dimensionally so that the energy gain decays rapidly with
increasing distance between A and B. In addition, it is
currently difficult to measure the vacuum state experi-
mentally due to the lack of an appropriate interaction
such as the Coulomb interaction in quantum Hall sys-
tems. Thus, our quantum Hall system is considered to
be very suitable for demonstrating local vacuum passivity
breaking.
In conclusion, we have theoretically demonstrated that
the passivity of the vacuum can be locally broken by
electrical LOCC in a realistic system using a quantum
Hall edge channel as a many-body quantum channel.
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